The leukocyte NADPH oxidase catalyzes the reduction of oxygen to superoxide (O 2 . ) at the expense of PHOX to the membrane at some point after the first phosphorylation takes place.
The leukocyte NADPH oxidase catalyzes the reduction of oxygen to superoxide (O 2 . ) at the expense of NADPH in phagocytes and B lymphocytes as shown in Equation 1 (1) .
It is a multicomponent enzyme comprising a membrane-associated flavocytochrome known as cytochrome b 558 and at least three cytosolic subunits as follows: p47 PHOX , p67 PHOX , and the small G protein Rac2 (2) . 1 The enzyme is dormant in resting cells but becomes active when the cells are exposed to appropriate stimuli. During oxidase activation, the highly basic p47
PHOX component becomes phosphorylated on up to nine serines near the C terminus and migrates to the plasma membrane, where it associates with cytochrome b 558 , carrying with it to the membrane the subunit p67
PHOX and possibly Rac2 (3) (4) (5) (6) (7) (8) (9) (10) (11) .
Previously we have shown that a mutant p47 PHOX containing a single alanine mutation at Ser-379 is unable to translocate to the membrane, resulting in a loss of enzyme activity. This serine has been shown to be phosphorylated in wild type p47
PHOX , albeit to a very low level (11) . Its phosphorylation, however, is not necessary for the remaining serines to be phosphorylated either in vivo or in vitro (12) . During earlier studies using several p47
PHOX mutants containing an alanine instead of a serine at a single potential phosphorylation site, we showed that no individual serine phosphate was required for the phosphorylation of the remaining serines to take place, although, as discussed above, Ser-379 is necessary for enzyme activity (11) . In this study we investigate the effect of double mutations involving serines 359 and 370 on the phosphorylation of p47
PHOX and the activity of the leukocyte NADPH oxidase.
MATERIALS AND METHODS
Plasmid Construction and Transfection-Cloning of the plasmid constructs used in the transfection experiments was performed by standard techniques (13) . The mutant constructs S359A/S370A, S359D/ S370D, and S359E/S370E were generated by a two-step polymerase chain reaction method using an appropriate mutant oligonucleotide to make the desired mutation (Table I ). The polymerase chain reactiongenerated fragments were subsequently substituted into the EBOpLPP-based expression vector containing the wild type p47 PHOX cDNA. The mutant construct S310 -348A was created by single strand mutagenesis of the EBOpLPP-based expression vector as described previously using primers listed in Table I ( 11) . The mutant construct S359K/ S370K was generated from the EBOpLPP wild type vector using the Chameleon mutagenesis kit (Stratagene) following the manufacturer's instructions and using the mutant oligonucleotides listed in Table I . The sequence of all mutant constructs was confirmed by dideoxynucleotide-based sequencing (13) . Epstein-Barr virus-transformed p47 PHOXdeficient B cells were co-transfected with SV40 and EBOpLPP-derived p47
PHOX expression vectors and expanded under hygromycin selection as described elsewhere (14) . Transfected cells were cultured as described elsewhere (14) , except they were maintained at a higher cell density (1 ϫ 10 6 /ml), which was found to significantly increase their oxidase activity.
Preparation of Recombinant GST 2 -p47 PHOX Fusion Proteins-Recombinant fusion proteins composed of an upstream glutathione Stransferase (GST) linked to a downstream p47 PHOX , either wild type or mutant, were isolated from Escherichia coli that had been transformed with pGEX-1T plasmids containing cDNA inserts encoding the downstream proteins, as previously reported (15) . The fusion proteins were purified by affinity chromatography on glutathione-agarose as described elsewhere (15) . Excess glutathione was removed from the solution of purified recombinant protein by dialysis against relaxation buffer (100 mM KCl, 3 mM NaCl, 3.5 mM MgCl 2 , and 10 mM Pipes, pH 8.0), and the protein concentration was determined using the Bio-Rad assay kit with bovine serum albumin as the standard.
Leukocyte NADPH Oxidase Activity-Leukocyte NADPH oxidase activity was measured by chemiluminescence. Assays using whole cells were carried out as described elsewhere (16) , except that 3 ϫ 10 6 cells and 5 IU horseradish peroxidase were used in a final volume of 0.35 ml. The cell suspensions were placed in a 96-well microtiter plate, warmed to 37°C, then activated at the same temperature with phorbol myristate acetate (PMA, 1 g/ml). Chemiluminescence was then measured at 45-s intervals using a Luminoskan luminometer (Labsystems Research, Finland) at 37°C. For measuring leukocyte NADPH oxidase activity in a cell-free system, reaction mixtures contained 1.6 ϫ 10 6 cell eq of neutrophil membranes, 10 6 cell eq of lymphoblast cytosol (prepared by sonicating a suspension of lymphoblasts in Dulbecco's phosphate-buffered saline for three 10-s intervals at 4°C and then removing particles by centrifugation for 15 min at the same temperature in an Eppendorf microcentrifuge), 160 M NADPH, 1 mM luminol, 5 IU horseradish peroxidase, and relaxation buffer in a final volume of 0.35 ml. The enzyme was activated by the addition of 90 M SDS, and chemiluminescence was measured at 10-s intervals using a Luminoskan luminometer at room temperature.
Labeling of p47 PHOX by N- [2, 
PHOX was prepared and labeled as described previously (17) . In brief, WT or mutant recombinant p47 PHOX (2 g) was labeled at room temperature for 20 min with 2 Ci of [ 3 H]NEM in the presence or absence of 100 M arachidonate. The samples were then placed on ice for 5 min before precipitating the labeled protein by the addition of 50% (w/v) trichloroacetic acid to a final concentration of 10%. Transfer RNA (250 g) was added as a carrier. The samples were incubated on ice for 10 min and then centrifuged at 10,000 ϫ g for 10 min at 4°C. The pelleted proteins were suspended in 100 l of H 2 O and were assayed in a liquid scintillation counter after the addition of water-compatible scintillation fluid.
Translocation of p47 PHOX from Cytosol to Plasma Membrane-Transfected lymphoblasts were treated for 15 min at 4°C with diisopropylfluorophosphate as described elsewhere (18) . The cells were then washed, resuspended in phosphate-buffered saline (10 8 cells/ml), and incubated at 37°C for 10 min. PMA (1 g/ml) was then added to half the cells, and the incubation was continued for a further 12 min. The cells were then resuspended in 2 ml of ice-cold relaxation buffer, pH 7.4, 1 mM ATP, 1.5 mM EGTA containing 1 mM phenylmethylsulfonyl fluoride, 50 g/ml leupeptin, 25 g/ml pepstatin, and 25 g/ml aprotinin. Further procedures were carried out at 4°C. The cells were disrupted by nitrogen cavitation (400 pounds/square inch for 5 min) and centrifuged (400 ϫ g, 10 min) to remove nuclei and unbroken cells. The supernatant was further centrifuged (100,000 ϫ g, 45 min) to separate membranes from cytosol. The membrane pellet was washed once in the antiproteinase-fortified relaxation buffer and then suspended in Laemmli sample buffer and boiled for 3 min.
Immunoblotting-Transfected lymphoblasts and control cells were suspended at 2.5 ϫ 10 7 cells/ml in phosphate-buffered saline, sonicated for three 10-s intervals, and centrifuged at 4°C for 15 min in an Eppendorf centrifuge. An equal volume of 2ϫ Laemmli sample buffer was then added to the supernatant, and the proteins were resolved by SDS-polyacrylamide gel electrophoresis on a 10% polyacrylamide gel. The separated proteins were then electrophoretically transferred to nitrocellulose, and the p47 PHOX bands were visualized using a 1:20,000 dilution of a partially purified rabbit polyclonal antibody raised against a C-terminal decapeptide from p47 PHOX as described elsewhere (19) . Expression was measured by densitometry with a Zeinieh laser scanner, determining quantities of p47
PHOX from peak heights.
In Vivo Phosphorylation of Wild Type and Mutant Recombinant p47
PHOX -Transfected p47 PHOX -deficient B lymphoblasts expressing wild type or mutant p47
PHOX were incubated overnight at 37°C in Dulbecco's modified Eagle's medium, 10 mM Hepes, pH 7.5, 2 mM glutamine, 0.1% fetal calf serum, 1% penicillin/streptomycin (Life Technologies, Inc.) (10 6 cells/ml). The cells were then transferred to fresh medium containing 32 P i (0.2 mCi/ml) and incubated for an additional 4 h at 37°C. The cells were activated for 20 min with PMA (1 g/ml), after which their p47
PHOX was isolated and purified by immunoaffinity chromatography as described previously (7).
In Vitro Phosphorylation of WT or Mutant Recombinant p47 PHOXLabeling of p47
PHOX with rat brain protein kinase C (Calbiochem) was performed by incubating a reaction mixture containing 1 g of recombinant p47 PHOX , 0.1 g of protein kinase C, 10 mM magnesium acetate, 1 mM ATP, 5 Ci of [␥-
32 P]ATP, 0.5 mM CaCl 2 , 50 g/ml phosphatidylserine, and 5 g/ml diolein in a total volume of 30 l for 30 min at 37°C. The reactions were terminated by the addition of 10 l of 4ϫ SDS sample buffer, and the proteins were then resolved by SDS-polyacrylamide gel electrophoresis on a 10% polyacrylamide gel according to the method of Laemmli (20 CG TAC GGC GTT GCG GCG ATA GGC 
GTGGAGTGGGGGCGCGCGTCAGCCCCCAC
New radiography, and the 32 P was quantified by excising the bands from the dried gel and measuring their radioactivity using Č erenkov counting. A piece of gel of similar size was also excised from a 32 P-free portion of the gel and counted. This background value was subtracted from the other measurements.
RESULTS

The Effect of Double Mutations at Ser-359 and Ser-370 on p47
PHOX Oxidase Activity-Previously it has been shown that a p47 PHOX double replacement of serine with alanine at Ser-303 and Ser-304 of p47
PHOX abolished the activation of the leukocyte NADPH oxidase, but this activity was restored by replacing the alanines with glutamate or lysine (21) . The negatively charged glutamate residues are postulated to mimic the effect of serine phosphorylation (22) . However, the fact that the double mutant S303K/S304K was also active suggests either that the effect of phosphorylation is related to the increase in hydrophilicity around serines 303 and 304 or that activation involves the formation of a metal bridge between the phosphorylated serines and another region of the protein. Here we report a similar loss in oxidase activation in p47 PHOX -deficient B cells expressing the double mutant p47 PHOX S359A/S370A (Fig. 1) . In this case, however, oxidase activity was not restored by replacing the alanines with negatively charged glutamate or aspartate or the positively charged lysine (see Fig. 1 PHOX . Immunoblots were performed as described under "Materials and Methods" using the 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium detection system to visualize the blots (19) . Each lane contained 3 ϫ 10 5 cell eq of protein, and prestained molecular weight standards were used on all gels. The results are representative of p47 PHOX expression in three separate sets of transfections. The arrow indicates the p47 PHOX band. The densitometry measurements (Table II) 
FIG. 4. Translocation of p47
PHOX in PMA-activated p47 PHOX -deficient B lymphocytes expressing WT and mutant p47 PHOX . Immunoblots were performed as described under "Materials and Methods" using the 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium detection system to visualize the blots (19) . A, D, E, and K designate the mutants S359A/S370A, S359D/S370D, S359E/S370E, and S359K/S370K, respectively. ϩ and Ϫ indicate PMA activation or resting cells, respectively. The arrow indicates the p47 PHOX band. The tracks labeled CTRL contain 1.5 ϫ 10 7 cell eq of WT cytosol; the remaining tracks each contain 1.25 ϫ 10 7 cell eq of membrane. PHOX , suggesting that these serines are not essential for oxidase activity. This result concurs with the previously reported observations that the double mutants p47
PHOX S345A/S348A (11) and p47 PHOX S320A/ S315A (21) have no effect on oxidase activation.
The failure of oxidase activation in p47 PHOX -deficient B cells expressing the 359,370 double mutants was not due to a deficiency in the expression of these mutants, as their levels of expression were found to be approximately equal to that of the wild type protein (Fig. 2 and Table II) . Furthermore, this loss of activity did not appear to be due to an inability of the mutant proteins to fold into a functional conformation during biosynthesis. First, cytosols from lymphocytes expressing the 359,370 double mutants were tested in a cell-free oxidase system activated with SDS and were found to support oxidase activity to the same extent as wild type p47 PHOX (Fig. 3) . Second, a covalent labeling method developed recently to assess changes in conformation of p47 PHOX during activation (17) also confirmed that the mutant protein S359A/S370A achieved normal conformation (Table III) PHOX S359E/S370E appeared to be normal (Fig. 4 and Table IV) . These results suggest that the introduction of a negative charge (achieved here by the substitution of the alanines with aspartate or glutamate residues) may be required for the translocation of p47 PHOX . It has previously been suggested that the membrane-binding site of p47
PHOX may be concealed in resting cells, at least in part by an interaction involving the protein's highly basic C-terminal tail, whose positive charges could associate with a concentration of negative charge elsewhere on the surface of the molecule (11) . Introduction of a negative charge, by either serine phosphorylation or the replacement of serine by a negatively charged residue such as the glutamate or aspartate substitutions described here, could neutralize the positive charge, thus releasing the tail and exposing the membrane-binding site to allow assembly of the oxidase. The translocation results described here do appear to concur with this hypothesis, as the negatively charged residues allow translocation whereas the positively charged lysine residue does not facilitate the transfer of p47
PHOX to the membrane Phosphorylation of 359,370 Double Mutants-To ascertain the importance of serines 359 and 370 for the phosphorylation of p47 PHOX , we phosphorylated GST fusion proteins of wild type and mutant p47 PHOX . The results (Fig. 5 and Table V) showed that there was a dramatic reduction in the level of phosphorylation of p47 PHOX S359A/S370A as compared with the wild type and the other mutant forms of p47 PHOX . It appears that the presence of the negatively charged residues at positions 359 and 370 allows extensive phosphorylation of p47 PHOX , in contrast to the greatly reduced level of phosphorylation in the alanine mutant p47 PHOX S359A/S370A. As with translocation, the negatively charged amino acids mimic the effect of the wild type with respect to phosphorylation.
The reduction in phosphorylation observed with p47 PHOX S359A/S370A in vitro was also observed with p47 PHOX S359A/ S370A and p47 PHOX S359K/S370K labeled in vivo ( Fig. 6 and Table VI ). In contrast, the levels of in vivo phosphorylation of p47 PHOX S359D/S370D, p47 PHOX S359E/S370E, and another double mutant p47 PHOX S320A/S315A (21), were similar to that seen in the wild type protein.
FIG. 5. In vitro phosphorylation of WT and mutant forms of recombinant GST-p47
PHOX . Phosphorylation of GST-p47 PHOX was performed as described under "Materials and Methods." Each lane contained 1 g of the relevant fusion protein, which was boiled in sample buffer for 5 min prior to loading on the gel. Prestained molecular weight standards were used on all gels. The results shown in this autoradiograph are representative of two separate experiments. The labeled bands were excised from the gel, and the radioactivity was measured by Č erenkov counting. The results (Table III) (3, 24 -29) and that the target serines for this phosphorylation lie between Ser-303 and Ser-379 in the C terminus of the protein (3) (4) (5) (6) (7) . Direct evidence that the phosphorylation of p47
PHOX is required for oxidase activity has been obtained using cell-free systems, the most recent showing activation with phosphorylated p47
PHOX (30 -32) . As discussed earlier, Ser-379 is known to be essential for oxidase activation. However, since the level of phosphorylation of this serine is very low (11), the role played by its phosphorylation in oxidase activation is inconclusive.
The present study has further demonstrated a direct correlation between the phosphorylation of p47 PHOX and oxidase activation. The Ser 3 Ala and Ser 3 Lys mutations of residues 359 and 370 in p47 PHOX S359A/S370A and p47 PHOX S359K/ S370K, respectively, essentially abolish the phosphorylation of p47 PHOX and prevent its translocation to the membrane, thereby blocking oxidase activity after PMA stimulation. Both translocation and phosphorylation of p47 PHOX were restored by replacing the alanine residues with the negatively charged residues glutamate or aspartate, but oxidase activation in the S359D/S370D and S359E/S370E mutants still failed. It appears that there are two separate requirements for the serine at 359 or 370. First, a serine phosphate at one of these positions is absolutely required for oxidase activation to take place. A simple negative charge will not fulfill this requirement, as Asp and Glu mutations did not reconstitute activity. Second, a serine phosphate at one of these positions is required for translocation and for phosphorylation of the remaining serines. This requirement may reflect the need for a negative charge, as the substitution of the serine with glutamate or aspartate was able to return phosphorylation and translocation to wild type levels.
As discussed earlier, the mutation of the p47 PHOX serines 303 and 304 to alanines had no effect on the phosphorylation of the remaining serines but abolished oxidase activity. The activity was reconstituted, however, with glutamate or lysine substitutions in positions 303 and 304 (21) . Conversely, although glutamate or aspartate substitutions in positions 359 and 370 allowed partial functioning of p47 PHOX , since further phosphorylation and translocation of the mutants p47 PHOX S359D/S370D and S359E/S370E were normal, it is not easy to explain the failure of the Ala 3 Asp or Ala 3 Glu mutations at positions 359 or 370 to support oxidase activation. The results for the double mutant p47 PHOX S359K/S370K, however, suggest that the partial function of mutants S359D/S370D and S359E/S370E is not due to a change in polarity or the formation of a metal bridge, as in the case of S303E/S304E, but, in fact, is due to neutralization of the positive charge of the highly basic C terminus tail as previously suggested. In either case, we propose that a membrane-binding site is exposed allowing assembly of the active oxidase.
In summary, our observations suggest that p47 PHOX requires PHOX , isolation and purification of the labeled p47 PHOX , and SDSpolyacrylamide gel electrophoresis followed by immunoblotting and autoradiography were all performed as described under "Materials and Methods." The results shown in this figure are representative of three separate experiments. The arrow indicates the position of p47
PHOX . The radioactivity of each band was determined by Č erenkov counting, and the results (Table VI) The labeled bands were excised from the gel, and the radioactivity was measured by Č erenkov counting. The measurements represent the mean Ϯ range of two separate experiments. at least three serines for oxidase activation as follows: a serine at position 379 that is essential for oxidase activity and translocation but not for phosphorylation of the remaining serines (11); a phosphorylated serine at position 359 or 370 that is absolutely required for oxidase activity and must be phosphorylated to allow translocation as well as phosphorylation of the remaining serines (presented here); and a phosphorylated serine at position 303 or 304 that is essential for oxidase activity but is not necessary for the phosphorylation of the remaining serines or for the translocation of p47 PHOX to the membrane (21) . We conclude that with respect to p47 PHOX , the activation of the leukocyte NADPH oxidase involves the following steps: 1) phosphorylation of Ser-359 and/or Ser-370; 2a) translocation of the partly phosphorylated subunit to the membrane; 2b) phosphorylation of Ser-303 and/or Ser-304, completing the activation of p47
PHOX . The order of steps 2a and 2b can be reversed, but the phosphorylation of Ser-359 or Ser-370 is an obligatory first step for the participation of p47 PHOX in the activation of the oxidase. Whether phosphorylation of Ser-379 is required for oxidase activity remains under investigation.
